It is widely accepted that adenoviral E1A exerts its influence on recipient cells through binding to the retinoblastoma (Rb) family proteins, followed by a global release of E2F factors from pocket-protein control. Our study challenges this simple paradigm by demonstrating previously unappreciated complexity. We show that E1A-expressing primary and transformed cells are characterized by the persistence of Rb-E2F1 complexes. We provide evidence that E1A causes Rb stabilization by interfering with its proteasomal degradation. Functional experiments supported by biochemical data reveal not only a dramatic increase in Rb and E2F1 protein levels in E1A-expressing cells but also demonstrate their activation throughout the cell cycle. We further show that E1A activates an Rb-and E2F1-dependent S-phase checkpoint that attenuates the growth of cells that became hyperploid through errors in mitosis and supports the fidelity DNA replication even in the absence of E2F complexes with other Rb family proteins, thereby functionally substituting for the loss of p53. Our results support the essential role of Rb and E2F1 in the regulation of genomic stability and DNA damage checkpoints.
Adenoviral E1A was originally described as an retinoblastoma (Rb)-binding protein, whose expression induces DNA synthesis in quiescent cells and cooperates with oncogenic ras in the transformation of primary rodent cells in vitro. [1] [2] [3] The regions of E1A required for these properties encompass two discrete segments of the protein, termed conserved region 1 (CR1) and 2 (CR2). These same segments, and a small region within the N terminus of E1A, are responsible for the interaction with a plethora of cellular proteins that are critical for normal cell cycle progression, including members of the Rb protein family, p300, CBP, p400, and TRRAP. [4] [5] [6] The correlation between the transforming capacity of E1A and its ability to bind these cellular proteins has led to the suggestion that E1A alters responsive gene expression and thereby reprograms normal cell cycle control. [4] [5] [6] Given that E1A can activate transcription from cellular promoters containing E2F-binding sites, it is presumed that these effects are mediated, alongside other mechanisms, through inactivation of Rb and upregulation of endogenous E2F activity. 4, 6 Paradoxically, however, E1A suppresses the growth of primary human tumors and reverses the transformed phenotype of many human cancer cells. 6 The mechanism of tumor suppression by E1A is not understood. While a number of previous studies have used exogenous expression assays to address the effects of E1A in transformed cells, little is known about which endogenous Rb-E2F complexes are specifically targeted by E1A. Furthermore, the effect of E1A expression on Rb association with E2F family proteins in primary cells has hitherto not been studied. Here, we examined the composition of specific complexes between pocket proteins (Rb, p107, and p130) and the E2F family members in primary and transformed E1A-expressing cells, and assessed the functional consequences of their interaction with E1A.
Results
Rb forms stable complexes with E2F1 in adenovirustransformed 293 cells. Current models imply that E1A's activity is primarily mediated by binding to the Rb family proteins, followed by the release of free E2F factors. [4] [5] [6] To explore the efficacy of these E1A-regulated processes, we analyzed the composition of protein complexes containing Rb and E2F in human 293 cells, which express the integrated adenovirus genes. Whole cell lysates from continuously growing 293 cells were immunoprecipitated with E1A-, Rb-, or E2F-specific antibodies and then probed for the presence or absence of complexes composed of Rb and E2Fs ( Figure 1a) . The previously characterized E1A-binding proteins (Rb, p107, and p130) were readily detected in anti-E1A immunoprecipitations ( Figure 1a , lane 4). However, in contrast to earlier reports that suggested that E1A dissociates E2F-containing complexes in gel mobility shift assays, [7] [8] [9] [10] we did not observe a complete disruption of E2F complexes with Rb. Thus, complexes containing both Rb and E2F1 were present in either anti-Rb or anti-E2F1-immunoprecipitations ( Figure 1a, lanes 1 and 3) . Likewise, Rb formed complexes with E2F3 ( Figure 1a, lane 1) . On the basis of the relative intensity of bands, we estimate that up to 40% of DP1-bound E2F1 and 10% of E2F3 form stable complexes with Rb in 293 cells, despite high levels of E1A expression ( Figure 1a, lanes 1 and 2) . On the other hand, we were unable to detect complexes of Rb, p107, or p130 with E2F4 ( Figure 1a, lanes 1, 6-8) . A small fraction of E2F1 and E2F3 was also present in anti-E1A immunoprecipitations ( Figure 1a, lane 4) . Consistent with the latter data, Fattaey et al.
11 demonstrated that E1A can be found in intermediate complexes with Rb and E2F, contingent on the presence of its Rb-binding conserved region 2 (CR2). We next examined 293 cells that were synchronized at different stages of the cell cycle by incubation with pharmacological inhibitors L-mimosine (G1 arrest), aphidicolin (S-phase arrest), VM26 (G2 arrest), or nocodazole (microtubule inhibitor) (Supplementary Figure 1A) . Alternatively, 293 cells were serum-starved for 48 h and then released into serumcontaining medium (Supplementary Figure 1B) . The immunoprecipitation analyses showed that the association of Rb with E2F1 was particularly strong in G1-or G2-phasearrested 293 cells (Supplementary Figure 1A) . Moreover, Rb-E2F1 complexes were more abundant in cycling than in serum-starved 293 cells (Supplementary Figure 1B) . These results indicate that Rb-E1A and Rb-E2F1 complexes coexist in 293 cells at different stages of the cell cycle.
E1A-expressing primary cells are characterized by the persistence of Rb-E2F1 complexes. To learn if E1A affects the abundance of Rb-E2F complexes, we analyzed IMR90 normal diploid human fibroblasts and mouse embryonic fibroblasts (MEFs) infected with control-or E1A-expressing retroviruses. The expression of E1A in these two cell types resulted in markedly elevated levels of Rb and E2F1 (Figure 1b and Supplementary Figure 1C and D) . In addition, E1A caused a profound rearrangement of endogenous Rb-E2F complexes (Figure 1b) . Thus, Rb-E2F1 complexes were more abundant in E1A-expressing IMR90 cells than in control-infected cells (Figure 1b, lanes 3  and 4) . On the other hand, the binding of Rb to E2F2 and E2F3 was barely detectable (Figure 1b, lanes 3 and 4) , despite the fact that total levels of E2F3 were also significantly increased in E1A-expressing cells (Figure 1b and Supplementary Figure 1D) . Likewise, E1A effectively dissociated E2F4 complexes with Rb, p107, and p130 ( Figure 1b, lanes 3-6) . Thus, E1A-expressing primary cells are characterized by the persistence of Rb-E2F1 complexes.
E1A leaves chromatin-bound Rb-E2F1 complexes intact. These results prompted us to explore the possibility that E2F1 is unique among other E2Fs in that it can compete with E1A for binding to Rb. To test this possibility, E1A-expressing cells were transduced with wild-type (WT) E2F1 or with a DB-E2F1 mutant which lacks the C-terminal Rb-binding domain. 12 Because overexpressed E2F1 causes a p53-dependent G1 arrest in IMR90 cells, we used E1A-expressing p53À/À MEFs for this purpose. Exogenous E2F1 indeed formed stable complexes with Rb (Figure 2a) , reducing its proportion bound to E1A (Figure 2b ). By contrast, DB-E2F1 failed to compete with E1A for binding to Rb (Figure 2b ). Likewise, ectopically expressed E2F4 had no effect on the binding of E1A to Rb, p107 or p130 (data not . Taken together, these data indicate that E2F1 and E1A, depending on their relative abundance, are able to compete with each other for binding to Rb.
Rb associates with E2F1 only when hypophosphorylated. 13 Immunostaining of E1A-expressing cells revealed that Rb and E2F1 were mainly localized in the nucleus (Supplementary Figure 2A and B). The hypophosphorylated Rb also selectively fractionated with the nuclei of E1A-expressing cells, whereas the phosphorylated forms were present in both the nuclei and cytosol (Figure 2c ). Furthermore, chromatin-rich fraction isolated from E1A-expressing cells contained higher levels of both Rb and E2F1 compared to control-infected cells (fraction N1, Figure 2d ). By contrast, E1A was predominantly present in the soluble nuclear fraction (Figure 2d and Supplementary Figure 1) . Hence, E1A leaves a proportion of chromatin-bound Rb-E2F1 complexes intact.
E1A protects the genomic integrity of primary cells. To assess the functional status of Rb in E1A-expressing cells, we analyzed primary MEFs. Previous studies demonstrated that inactivation of Rb promotes genomic instability of rodent cells. 14, 15 In accord, cultured RbÀ/À MEFs showed a gradual shift from diploid to tetraploid populations (4n DNA content; Figure 3a ). By contrast, WT MEFs retained diploid status throughout their entire lifespan until the onset of senescence at 9-10 passages ( Figure 3b ). We next examined E1A-expressing cells. If E1A were to cause complete Rb inactivation, then E1A-expressing WT MEFs should mimic the phenotype of RbÀ/À MEFs also becoming tetraploid. Moreover, E1A expression often selects for cells that have sustained p53 mutations. 16 Because loss of p53 function also impinges on genomic stability, 17 E1A expression should aggravate the defective phenotype of RbÀ/À MEFs. However, E1A failed to affect the ploidy of WT or RbÀ/À MEFs, even though greatly extending the lifespan of WT cells (Figure 3a and b).
Because both WT and RbÀ/À MEFs used in our analyses contained functional p53, as evidenced by its robust induction upon expression of E1A or following exposure of cells to genotoxic drug adriamycin (Supplementary Figure 3A and B), we next examined p53À/À MEFs. As expected, controlinfected p53À/À MEFs became hyperploid within 15±2 passages in culture (Figure 3c ). In stark contrast, the majority of E1A-expressing p53À/À MEFs maintained their diploid DNA content beyond 15 passages (Figure 3c ). These data were confirmed by spectral karyotyping. In control p53À/À MEFs at passage 7, only 20% were diploid, while 60% had chromosome numbers ranging from 75 to 85 corresponding to tetraploid cells (Supplementary Figure 3C) . By contrast, more than 60% of E1A-expressing p53À/À MEFs contained diploid chromosome contents (Supplementary Figure 3C) . Aneuploidy was also less apparent in E1A-expressing p53À/À MEFs E1A induces S-phase checkpoint activation A Nemajerova et al compared to controls (Figure 3d ). In addition, E1A-expressing p53À/À MEFs were predominantly mononucleated and showed no obvious centrosome abnormalities (Supplementary Figure 3D ). These data indicate that E1A protects genomic integrity of primary cells. In doing so, E1A engages an Rb-dependent mechanism that partly substitutes for the loss of p53 function.
Rb and E2F1 cooperate in maintaining the diploidy of cells. Rb regulates the cell cycle in part by binding to promoters of E2F-responsive genes and through LxCxE motif-dependent interaction with proteins involved in chromatin remodeling. 18, 19 To assess the role of these interactions in Rb function and genome stabilization, we next examined MEFs in which WT Rb alleles were substituted by an LxCxE-binding defective RbDL mutant 20 or E2F-binding defective Rb R654W mutant. 21 The former mutation allows Rb to function as a cell cycle regulator via association with E2Fs, while being resistant to interaction with E1A. 20 Indeed, WT and RbDL/DL MEFs senesced after 7-8 passages in culture, whereas RbÀ/À MEFs showed no features of senescence and grew indefinitely (Figure 4a) . Expression of E1A rendered RbDL/DL MEFs effectively immortal, but failed to affect the ploidy of cells (Figure 4a  and b) . Notably, Rb-E2F1 complexes were more abundant in E1A-expressing RbDL/DL cells than in control-infected cells (Figure 4c ). Furthermore, silencing Rb expression by short hairpin RNA (shRNA) impaired the ability of E1A to maintain diploidy of RbDL/DL MEFs (Figure 4d and Supplementary Figure 4A ), whereas reducing levels of p53 had no similar effect on ploidy of RbDL/DL cells (Figure 4e and Supplementary Figure 4A) . E1A also failed to block accumulation of hyperploid p53À/ÀE2F1À/À MEFs (Supplementary Figure 4B) and Rb R654W MEFs (Supplementary Figure 4C) . These data imply that E1A-induced cellular immortalization does not depend on full Rb inactivation. Moreover, both Rb and E2F1 are required components of E1A-activated checkpoints that protect the ploidy of cells.
E1A causes
24 E1A binds to and interferes with the activity of 26S proteasome. [25] [26] [27] While the loss of CR2 domain disables binding of E1A to both Rb and the S2 proteasomal subunit, point mutations within the LxCxE Rb-binding site of CR2 disable E1A's binding to Rb but do not affect its capacity to bind S2. 27 Consistently, Figure 5A) . However, RT-PCR analysis of Rb and E2F1 expression failed to detect any E1A-dependent differences, suggesting a posttranscriptional cause (Supplementary Figure 5B) . To explore the mechanism by which E1A causes Rb stabilization, we used previously characterized E1A deletion mutants (Supplementary Figure 5C) . The DN E1A mutant carrying a deletion within the N-terminal region was as effective as WT E1A in causing stabilization of Rb (Figure 5a ) concurrent with increased accumulation of Rb-E2F1 complexes (Figure 5b ). By contrast, the DCR1 mutant was only partially able to cause Rb stabilization, while the DCR2 mutant was completely devoid of this capacity ( Figure  5a and b) . On the other hand, the E1A point mutant pm47/124 (which carries a mutation in the LxCxE motif 28 ), while unable to bind Rb, still caused its significant accumulation (Figure 5a ). The LxCxE-binding-deficient RbDL mutant was also stabilized by E1A (see Figure 4c) . Thus, E1A-mediated Rb stabilization does not require direct binding of E1A to Rb but appears to depend on its binding to proteasomal S2.
Because Rb protects E2F1 from proteasomes, [22] [23] [24] this also explains why Rb and E2F1 are co-stabilized in E1A-expressing cells.
E1A activates an Rb-dependent G1/S-phase checkpoint that protects diploidy. Polyploidy and subsequent aneuploidy can be achieved by several means that uncouple DNA replication from the cell cycle checkpoint controls. 29 Thus, damage to the mitotic spindle activates the mitotic checkpoint and arrests cells transiently in metaphase. However, after prolonged exposure to spindle inhibitors an initial mitotic delay is followed by slippage through mitosis, producing tetraploid cells. At this point, a second p53-dependent checkpoint prevents cells from further replicating their DNA. 17 To assess a possible role of E1A in these processes, control-and E1A-infected MEFs were treated with spindle inhibitor nocodazole for 12 h to allow accumulation of polyploid populations. The cells were then withdrawn from nocodazole for different time periods, and their DNA content was analyzed by flow cytometry.
As expected, nocodazole-treated WT MEFs regained their diploid status within 3 days of drug withdrawal (Supplementary Figure 6A ), while a large proportion of similarly treated p53À/À MEFs continued to proliferate as tetraploid populations (Figure 6a) . In stark contrast, the majority of E1A-expressing p53À/À MEFs restored their diploid status within 6 h of nocodazole withdrawal (Figure 6a ). Rb silencing blocked the ability of E1A to maintain diploid state in nocodazole-treated p53À/À cells (Supplementary Figure  6B) , confirming the correlation between E1A expression and Rb function. In all cases examined, nocodazole did not induce cell death (Figure 6a and data not shown). However, BrdU incorporation assays revealed an E1A-dependent reduction in the proportion of p53À/À MEFs that entered S phase following nocodazole treatment (Figure 6b ). This was paralleled by a decrease in the levels of G1/S-specific markers cyclins D1 and E, which were consistently lower in E1A-expressing p53À/À MEFs than in controls (Figure 6c) .
We next set out to determine if E1A affects mitosis proper. To this end, we used p53À/À MEFs stably expressing GFPtagged histone H2B, which allows direct visualization of mitotic progression without compromising nuclear or chromosomal structures. 30 In these experiments, cells were treated with nocodazole as outlined above and then released into drug-free media or into media containing S-phase inhibitor hydroxyurea (Figure 6d ). Scoring mitotic indexes confirmed that only a minority of nocodazole-treated p53À/À MEFs resumed mitosis upon withdrawal from the drug (Figure 6e ). On the other hand, most p53À/À cells have undergone mitosis within 2 h of nocodazole withdrawal when released into media containing hydroxyurea (Figure 6e) . Furthermore, mitotic progression of E1A-expressing p53À/À MEFs was almost as efficient as that of hydroxyurea-treated controls (Figure 6f) . Thus, p53À/À MEFs are fully competent to undergo at least one round of compensatory mitosis upon nocodazole withdrawal. Imposing an S-phase block upon such p53À/À MEFs allows them to restore diploidy and hence to mimic E1A-expressing cells. Therefore, we conclude that E1A does not perturb checkpoint function at mitosis. Instead, E1A activates an Rb-dependent G1/S-phase checkpoint that Figure 7A and B) . However, we failed to detect any Rb-or E2F1-dependent differences. Thus, all E2F-responsive genes were equally upregulated in E1A-expressing MEFs of different Rb genotypes (Figure 7a ). Likewise, E2F target genes were upregulated in E1A-transduced p53À/À MEFs of different E2F1 genotypes (Figure 7b and Supplementary Figure 7A-C) . By contrast, co-expression of a dominant-negative DB-E2F4 mutant weakened E1A-dependent upregulation of Rb, Cdc6, and cyclin A (Figure 7b ). Consistent with these data, it was shown that E1A promotes entry into S phase by overcoming p130/E2F4-mediated repression of E2F target genes. 31 In sum, these results indicate that E1A protects the ploidy of cells despite continuous upregulation of E2F-responsive S-phase genes.
It was shown that Rb acts as a downstream target for ATR that is important for the inhibition of DNA rereplication, particularly upon conditions of DNA damage. [32] [33] [34] We found that expression of E1A causes increase in protein levels of checkpoint kinases Chk1 and Chk2, which also play a pivotal role in regulating cell cycle arrest upon DNA damage or stalled replication (Figure 7c ). Levels of phosphorylation-activated Chk1-S345, H2AX-S139, and Rb-S612 (markers of a persistent DNA damage response) were also constitutively elevated in E1A-expressing cells (Figure 7d and Supplementary Figure  7D ). BrdU labeling of etoposide-treated MEFs revealed a sharply reduced S phase in E1A-transduced p53À/À cells compared to control-infected cells (Figure 7e ), thus indicating that the S-phase DNA damage checkpoint is more responsive in E1A-expressing cells.
E1A associates with a large number of cellular proteins that are critical for normal cell cycle progression (see Supplementary Figure 5C ). To identify the underlying mechanism by which E1A blocks proliferation of polyploid cells, we performed additional mutational analysis. Remarkably, all N-terminal E1A mutants unable to bind p300/CBP or p400/ TRRAP were nearly as effective as WT E1A in blocking the proliferation of tetraploid p53À/À MEFs (Supplementary Figure 8) . By contrast, E1A mutants lacking the CR1 or CR2 domains were impaired in this capacity (Supplementary Figure 8) . As outlined above, the CR2 mutant does not induce Rb stabilization. In contrast, the defect of the CR1 mutant is its inability to compete with Rb-bound E2Fs, forming instead triple complexes with Rb and E2Fs, 11 and this contributes to genomic instability, as shown above.
Discussion
Adenoviral E1A is believed to exert its influence on host cells by globally disrupting Rb-E2F interactions via the CR2 and CR1 domains. [4] [5] [6] 35 Our study challenges this simple paradigm by demonstrating previously unappreciated complexity. We show that E1A-expressing primary and transformed cells are characterized by the persistence of Rb-E2F1 complexes. We find that the augmented function of Rb-E2F1 plays a significant role in E1A-induced phenotype. As proteolysis is impaired in E1A-expressing cells, Rb and E2F1 proteins are increased, leading to an increase in functional Rb-E2F1 complexes, which are required for the genomic stabilization found in cells expressing E1A.
The opposing properties of E1A to activate p53, but at the same time to promote cellular immortalization and oncogenic transformation have long been difficult to reconcile. However, recent studies showed that concomitant inactivation of the Rb family proteins or acute interference with E2F-mediated transcriptional regulation also immortalizes cells despite the presence of functional p53. 14, 15, 36, 37 Given that E1A effectively disrupts Rb-E2F2-4 and p107/p130-E2F4 complexes, we reasoned that E1A-induced immortalization depends primarily upon the disruption of these repressive complexes of Rb, p107, and p130. In contrast, inactivation of Rb-E2F1 is not a prerequisite for cellular immortalization, at least in the context of E1A expression. Instead, Rb controls progression through S phase and may be required for regulation of DNA replication, particularly in response to DNA damage. 32, 34 Studies to date on E1A have focused on its role as a transforming oncogene in rodent cells. A popular model for how Rb family members regulate G1/S-phase-specific gene expression predicts a complex pattern of protein-protein and protein-DNA interactions that change as cells progress through the cell cycle. 18, 33 In addition, the Rb and E2F family members are involved in stable gene repression, indicating that Rb-E2F complexes are able to mediate different types of regulation under different circumstances. 19 The situation may be even more complex in that a cooperative regulation of E2F-responsive genes by several Rb family proteins may be required. 38 A uniting theme emerging from these observations is that Rb exerts its cellular functions by controlling activities that involve nucleosome phasing. Because chromatin structure has a well-documented significance in both gene expression and DNA replication, one can envision that Rb-E2F1 will function as regulators of transcription or regulators of replication depending upon the availability of cofactors that can influence their DNA-binding specificity. These chromatin changes can be implemented by recruiting histone deacetylases, histone methyltransferases, DNA methyltransferases, SWI/SNF complex members, and polycomb proteins. 18, 19 Although these data point out a potential mechanism by which cell cycle control and epigenetic changes may be linked with the genome stabilization, further studies are required to characterize the components of Rb-and E2F1-based chromatin-remodeling complexes in E1A-expressing cells. More importantly, would such genome-surveillance complexes be seen at any time in the normal cell cycle, or in DNA-damaged cells? Finally, is it possible to specifically induce the formation of such complexes in the absence of E1A expression? Because E1A reverses the transformed phenotype of many human cancer cells, 6 answering these questions could make it feasible to maximize both the potency and extent of Rb's engagement within the tumor cells and to optimize the therapeutic benefit of its activation afterwards.
Materials and Methods
Cells and tissue culture. HEK293 and IMR90 cells were maintained in DMEM supplemented with 10% FBS and antibiotics. Where indicated, cells were treated with 0.5 mM L-mimosine, 0.5 mg/ml aphidicolin, 0.5 mM hydroxyurea, 2 mM VM26, 1 mM etoposide, or 0.12 mg/ml nocodazole (all from Sigma). WT, p53À/À, and p53À/ÀE2F1À/À MEFs were derived from day 13.5 embryos (all on the 129S1/SvImJ genetic background). RbÀ/À MEFs were a gift from G Leone (Ohio State University, Columbus, OH, USA). Rb R654W MEFs were a gift from DW E1A induces S-phase checkpoint activation A Nemajerova et al
